Bone marrow is usually dose-limiting for radioimmunotherapy. In this study, we directly estimated red marrow activity concentration and the self-dose component of absorbed radiation dose to red marrow based on PET/CT of 2 different 124 I-labeled antibodies (cG250 and huA33) and compared the results with plasma activity concentration and plasma-based dose estimates. Methods: Two groups of patients injected with 124 I-labeled monoclonal antibodies (11 patients with renal cancer receiving 124 I-cG250 and 5 patients with colorectal cancer receiving 124 I-huA33) were imaged by PET or PET/CT on 2 or 3 occasions after infusion. Regions of interest were drawn over several lumbar vertebrae, and red marrow activity concentration was quantified. Plasma activity concentration was also quantified using multiple patient blood samples. The red marrow-to-plasma activity concentration ratio (RMPR) was calculated at the times of imaging. The self-dose component of the absorbed radiation dose to the red marrow was estimated from the images, from the plasma measurements, and using a combination of both sets of measurements. Results: RMPR was observed to increase with time for both groups of patients. Mean (6SD) timedependent RMPR (RMPR(t)) for the cG250 group increased from 0.13 6 0.06 immediately after infusion to 0.23 6 0.09 at approximately 6 d after infusion. For the huA33 group, mean RMPR(t) was 0.10 6 0.04 immediately after infusion, 0.13 6 0.05 approximately 2 d after infusion, and 0.20 6 0.09 approximately 7 d after infusion. Plasma-based estimates of red marrow self-dose tended to be greater than image-based values by, on average, 11% and 47% for cG250 and huA33, respectively, but by as much as 273% to 62% for individual patients. The hybrid method combining RMPR(t) and plasma activity concentration provided a closer match to the image-based dose estimates (average discrepancies, 22% and 18% for cG250 and huA33, respectively). Conclusion: These results suggest that the assumption of time-independent proportionality between red marrow and plasma activity concentration may be too simplistic. Individualized imaged-based dosimetry is probably required for the optimal therapeutic delivery of radiolabeled antibodies, which does not compromise red marrow and may allow, for some patients, a substantial increase in administered activity and thus tumor dose.
Thegoali n radioimmunotherapy is to maximize the absorbed dose to target volumes while ensuring that delivery to vulnerable normal organs is within acceptable limits. Typically, for radioimmunotherapy the dose-limiting organ is the red marrow (i.e., the blood-forming cells of the bone marrow).
Several methods have been developed for red marrow dosimetry and can generally be divided into image-and blood sample-based approaches. The most commonly used quantitative imaging technique for dosimetry is the conjugateview method. Anterior and posterior images are acquired with a g-camera at multiple time points after administration of the radiolabeled antibody. Geometric mean counts are obtained for regions of interest (ROIs) placed over targets of interest. These may then be corrected for attenuation and scatter and converted to activities or activity concentrations (1, 2) . The resulting time-activity data are used to determine the pharmacokinetics of the antibody in the organs of interest, and the area under the time-activity curve is used as the basis for calculation of radiation dose to tissues, including red marrow.
Planar imaging has been used to quantify activity concentration for purposes of dosimetry, particularly for isotopes such as 131 I, which can be followed over many days. However, accuracy is limited by the approximate scatter and attenuation corrections generally used and the typically poor target-tissue visualization and delineation on planar images (3) . Methods to obtain quantitative SPECT images have and continue to be developed (4), but to our knowledge, their application to bone marrow dosimetry has not been reported.
In an alternative approach, blood or plasma activity concentration may be used as a surrogate (with a scaling factor) of the activity concentration in red marrow for agents that do not specifically bind to marrow cellular components or otherwise specifically localize in marrow (5) (6) (7) (8) . Measurements of blood or plasma activity concentration at multiple times after administration may be used as a basis for red marrow absorbed dose estimation (7) . The blood-based method assumes that extracellular fluid in the marrow spaces has the same activity concentration as plasma and, consequently, that the activity concentration ratio of red marrow to plasma is a constant, equal to the fraction of red marrow composed of extracellular fluid (7) . Alternatively, the ratio may be expressed with respect to whole blood (8) (i.e., a red marrow-to-blood ratio), for which a value of 0.32-0.36 is typically used (9) . Evaluation of this approach was performed in a 7-institution trial in which marrow dose was estimated by a centralized facility using standardized methods and compared with estimates provided by the individual participants. The study showed that independent use of the blood method resulted in red marrow dose estimates with mean and maximum differences of 8% and 30%, respectively (10) . However, red marrow absorbed dose as calculated by this approach has not proven to be a good predictor of hematologic toxicity, particularly for nuclides other than 131 I (11, 12) .
PET, like g-camera-based SPECT, can provide quantitative, 3-dimensional images that may be used to study biochemical and physiologic processes in the human body (13, 14) . However, PET has several physical advantages, including a more accurate attenuation correction that enables calibration of the scanner in terms of the absolute activity concentration in a tissue (i.e., Bq/mL). This advantage is of fundamental importance in accurately determining radiation doses to tissues or organs. In addition, PET provides higher sensitivity and spatial resolution than SPECT or planar g-camera imaging.
The most commonly used PET radionuclide, 18 F, has a half-life too short (110 min) to encompass the long retention and slow biokinetic behavior of large molecules such as antibodies. Among the currently available positron emitters, 124 I has the longest physical half-life (4.2 d) and PET/CT using 124 I-labeled antibodies has been used to successfully image antibody biodistribution over timescales of a week or more after administration (15, 16) . However, 124 I poses several challenges to quantitative PET. The most important of these factors are its low (0.24) positron yield and emission of prompt g-rays (in coincidence with the positron decay) that have energies within the annihilation energy window (350-650 keV). Despite these difficulties, 124 I-PET has been shown to be accurate to within 10% for images acquired in 2-dimensional mode (17) (18) (19) .
In the current study, PET and PET/CT images of patients who had been administered 124 I-radiolabeled antibodies were used to investigate the relationship between red marrow and plasma activity concentrations as a function of time after injection. The impact of this relationship on estimated absorbed dose to red marrow was assessed and compared with the conventional plasma-based method. To our knowledge, this is the first time that PET has been used for bone marrow dosimetry.
MATERIALS AND METHODS
Data from 2 groups of patients who were administered 124 I-labeled antibodies intravenously were included in this analysis: 11 patients with renal cell carcinoma administered 124 I-labeled cG250 (group 1), and 5 patients with colorectal cancer administered 124 I-labeled huA33 (group 2). Patients in group 1 were injected intravenously with 185 MBq/10 mg (5 mCi/10 mg) of 124 I-cG250 in 50 mL of 5% human serum albumin over 20 min. Patients in group 2 were injected intravenously with 148-370 MBq/10 mg (4-10 mCi/10 mg) of 124 I-huA33 in 5-30 mL of 5% human serum albumin over 5 min. For both groups, the respective clinical studies were designed to facilitate comparisons between 124 I-immunoPET imaging performed immediately before surgery and analysis of surgically removed tissues. The results of these comparisons have been reported elsewhere (15, 16, 20, 21) . However, for current purposes it may be noted that patient selection criteria for both groups specified normal hematologic parameters and no evidence of metastatic bone disease. Neither cG250 nor huA33 antibody binds specifically to hematopoietic cells.
All patients underwent 124 I-PET on at least 2 occasions. Partial-body (xiphoid to pelvis) scans were acquired on an Advance PET, Discovery LS PET/CT, or Discovery STE PET/CT scanner (GE Healthcare). Images typically consisted of 2-3 fields of view with total durations of 20-40 min. Attenuation correction was performed using 68 Ge transmission scans (Advance) or low-dose (80 mA, 140 kVp) CT scans (Discovery). Patients in group 1 ( 124 I-cG250) were imaged on the Advance within 3 h of administration (PET 1A) and then on the GE Discovery LS or STE (PET 1B) approximately 1 wk later. Patients in group 2 ( 124 I-huA33) were imaged on the Discovery STE on 3 occasions: within 3 h (PET 2A), at 2-3 d (PET 2B), and at 3-8 d (PET 2C) after administration. All CT scans were acquired without contrast material. Blood samples were drawn at multiple times immediately after injection and subsequently at the times of image acquisition. Blood samples were collected in heparinized vials and centrifuged. Thereafter, the activity concentrations in blood plasma were measured using a Wizard well scintillation counter (Wallac) together with appropriate 124 I standards.
Image Registration and ROIs
Image sets were coregistered using CT or 68 Ge transmission scans using software developed in-house (22) . Particular emphasis was placed on image matching in the L1-L5 region. The derived transformation matrices were used to align the PET image data. For marrow activity quantification, ROIs were drawn on lumbar vertebral bodies as visualized by the CT component of the terminal PET/CT scan (PET 1B and PET 2C). ROIs were drawn on all CT slices where lumbar vertebrae were present (typically 5-8 slices per vertebra). On each CT slice, 2 sets of ROIs were drawn: an exterior ROI encompassing the entire vertebral body-used to derive a correction factor for the partial-volume effect; and a smaller interior one encompassing the trabecular core of the vertebral body-used for activity concentration estimation. The ROIs were subsequently transferred to all other images using the transformation matrices derived from image registration.
½Fig: 1 Figure 1 shows the placement of 2 ROIs on a representative slice from a patient in the study.
Corrections for Partial-Volume Averaging and Trabecular Bone Figure 1 summarizes the analysis steps and corrections described below. The volumes of each vertebral body were estimated on the basis of summed areas of the exterior ROI, and an equivalent spheric diameter (D e ) was calculated according to D e 5 ffiffiffiffiffiffiffiffiffiffiffi ffi 6V=p 3 p . Recovery coefficients were then determined by interpolation from previously measured look-up tables of recovery coefficients as a function of sphere diameter for the Advance, Discovery LS, and Discovery STE scanners as appropriate (23) .
An additional correction factor for trabecular bone was incorporated on the basis of the following rationale: the interior vertebral ROI represents a mixture of trabecular bone and of marrow space contents (red and yellow marrow, blood vessels, extracellular matrix, and other components). In this study, for purposes of calculation, it was assumed that activity concentration within the marrow spaces is uniform and is equal to red marrow activity concentration. The potential errors associated with not taking account of an adipose component (i.e., yellow marrow) with reduced activity concentration are discussed later. It was also assumed that the activity concentration in trabecular bone is zero. This assumption is reasonable for radiolabeled antibodies such as cG250 and huA33 but would not hold for radiolabeled molecules that bind to bone components. Values of the fraction of the volume of the lumbar vertebrae composed of trabecular bone (f TB ) were taken to be 0.135 for male patients and 0.148 for female patients based on the work of Beddoe et al. (24) , which is consistent with more recent studies (25) . The multiplicative correction factor (1/(1 2 f TB )) was then applied to the activity concentration estimates. In summary, for each vertebral body the red marrow activity concentration estimate, C RM (t), was derived from the ROI-based value, C ROI (t), according to
where R c is the recovery coefficient.
RMPR
We wished to examine the ratio of activity concentration in red marrow to that in blood plasma (red marrow-to-plasma activity concentration ratio, or RMPR) for these clinical data and compare this ratio with the time-independent value of 0.19 commonly used for radiation dosimetry purposes (7) . For each clinical image, an average value, C RM ðtÞ, was calculated over all vertebra-containing ROI slices,
where the sum is over the i th CT slice and n is the total number of slices included in the ROI. This value was used to evaluate the RMPR, viz
where C PL (t) was the blood plasma activity concentration measured at the time of imaging.
Dosimetric Implications
To assess the potential impact of these findings for radiation dosimetry, self-doses to red marrow for time-dependent RMPR(t) were estimated and compared with the conventional case (i.e., a fixed RMPR value of 0.19).
Three separate scenarios were considered. In the first scenario, for the conventional case, RMPR was fixed and the red marrow activity concentration (C RMp (t)) was represented by the plasma clearance curve, viz C RMp ðtÞ 5 0:19 C PL0 e 2 lPLt e 2 lphyst ;
where C PL0 and l PL are, respectively, the time-zero intercept and clearance rate of a monoexponential fit to the decay-corrected plasma data and l phys is the physical decay constant of 124 I (i.e., l phys 5 0.17 d 21 ). The cumulated activity concentration in red marrow, g C RMp , is then given by
In the second scenario, a hybrid method in which the functional form of RMPR(t) was first determined by fitting a time-dependent exponential, RMPRðtÞ 5 RMPRð0Þ · e l RMPR t and then convolving with the plasma function: C RMtd ðtÞ 5 RMPRð0ÞC PL0 e l RMPR t e 2 l RM t e 2 l phys t :
RMPR(0) and l RMPR are the fitting coefficients for RMPR(t). The cumulated activity concentration in red marrow, g C RMtd , is then given by
In the third scenario, the average ROI activity concentration was used to directly calculate red marrow self-dose. Since this is the most direct method for calculating dose, we used these values as the basis of comparison. Thus, the red marrow activity concentration was fit separately: C RMI ðtÞ 5 C RMI0 e 2 l RMI t e 2 l phys t :
The cumulated activity concentration in red marrow, g C RMI ; is then given by
Once a cumulated activity concentration for red marrow is calculated, irrespective of method, the total residence time for red marrow, t RM , is given by
where m RM is total red marrow mass, r RM is red marrow density (taken as 1 g/mL), and A 0 is the administered activity. Finally, absorbed doses (in terms of mGy/MBq) were calculated using dose conversion factors (S factors) for red marrow selfdose:
The values of red marrow mass and S RM)RM for 124 I used in the calculations were taken from the OLINDA/EXM software application (26) for standard male and female phantoms as appropriate. (Fig. 2C) , C RM ranged from 1.6% to 6.8%/L (average, 3.1% 6 1.7%/L) at the earlier imaging time and 0.19%-2.4%/L (average, 0.64% 6 0.6%/L) at the later one. For the huA33 patients (Fig. 2D) , the corresponding values were 2.2%-3.8%/L (average, 2.9% 6 0.6%/L), 0.9%-2.2%/L (average, 1.4% 6 0.6%), and 0.08%-0.4%/L (average, 0.2% 6 0.1%/L) for the 3 imaging times, respectively.
RESULTS

Individual patient plasma time-activity curves in terms of percentage of the injected dose per liter are shown in
The image-derived values of RMPR(t) for each patient are shown in ½Fig: 3 Figure 3 for the cG250 and huA33 groups. RMPR(t) is not constant but is time-dependent and increases from the time of infusion. Moreover, it is not the same for all patients and can be considerably lower than 0.19 (dashed line in Fig. 3 ). The mean value (6SD) for RMPR(t) for the cG250 study group increased from 0.13 6 0.06 at the time of the first image to 0.23 6 0.09 at the time of the last image (;6 d after infusion). For the huA33 study group, the mean values of the RMPR(t) at the 3 imaging points were 0.10 6 0.04 immediately after infusion, 0.13 6 0.05 approximately 2 d after infusion, and 0.20 6 0.09 approximately 7 d after infusion.
½Fig: 4 Figure 4 shows self-dose to red marrow for the calculation methods described previously. For 124 I-cG250 (Fig. 4A) , the average dose per injected megabecquerel, calculated by integrating the PET ROI-derived activity concentration, C RMI (t), was 0.19 6 0.09 mGy/MBq (range, 0.11-0.39; median, 0.14). The dose calculated using C RMtd (t) (i.e., the plasma activity concentration convolved with a time-dependent RMPR(t)) was 0.19 6 0.08 mGy/MBq (range, 0.11-0.35; median, 0.16) and that calculated using C RMP (t) (i.e., the plasma activity concentration multiplied by a constant value of 0.19) was 0.20 6 0.04 mGy/MBq (range, 0.17-0.29; median, 0.19). For individual patients, the self-dose calculated by the conventional plasma-based method was on average 11% 6 31% (median, 31%; range, 273% to 41%) greater than that calculated by the image-based method. The corresponding values comparing the image-based method with the hybrid imageplasma convolution method were 22% 6 16% (median, 22%; range, 224% to 34%).
For 124 I-huA33 (Fig. 4B) , the average self-doses per megabecquerel, calculated by integrating C RMI (t), C RMtd (t), or C RMP (t), were 0.11 6 0.02 mGy/MBq (range, 0.09-0.14; median, 0.10), 0.09 6 0.04 mGy/MBq (range, 0.04-0.13; median, 0.09), and 0.20 6 0.03 mGy/MBq (range, 0.16-0.23; median, 0.22), respectively. For individual patients, the conventional plasma-based method produced, on average, self-dose estimates 47% 6 17% (median, 57%; range, 20%-62%) greater than the image-based method. The corresponding comparison between the image-based and hybrid methods was 18% 6 30% (median, 7%; range, 213% to 59%).
DISCUSSION
In this study, red marrow self-dose was estimated by methods based on plasma activity concentration measurements or direct quantification of activity in the marrow spaces by ROI analysis of 124 I PET images. The derived estimates of RMPR suggests that this is not a constant but increases with time after radiolabeled antibody administration for patients injected with both 124 I-cG250 and 124 I-huA33.
Hinsdorf et al. (27) found that the red marrow-to-blood ratio in patients increased for up to 6 d after administration of 131 I-labeled anti-CD22 monoclonal antibody, where red marrow activity concentration was assessed by ROI analysis of sacral regions after scintigraphic imaging. In the same report Hinsdorf et al. also observed an increasing red marrowto-blood ratio in tumor-bearing rats injected with 131 I-, 125 I-, 111 In-, and 188 Re-labeled BR96 monoclonal antibody, without specific uptake or evidence of tumor cells in marrow. An increasing red marrow-to-blood ratio is also consistent with the observations of Johnson et al. (6) , who measured activity concentration in blood and bone marrow biopsies from patients at 2 times after infusion of 131 I-labeled Mc5 antibody.
In our study, the cG250 antigen (carbonic anhydrase 9) is largely absent from normal tissues with the exception of gastric mucosal cells and cells of the larger bile ducts (28) . Similarly, immunohistochemical testing has shown huA33 to have limited normal-tissue reactivity, as antigen expression is restricted to colonic mucosal epithelia and lesions originating from there (29, 30) . Thus, specific binding to normal hematopoietic tissue is unlikely to be responsible FIGURE 4. Box plot of calculated red marrow self-dose using 3 methods: directly from PET image, using RMPR(t) convolved with plasma (PL), and using conventional method with fixed RMPR of 0.19 for cG250 (A) and huA33 (B).
for our observations of increasing RMPR. It is also unlikely that subclinical metastatic activity in the marrow could be an explanation for the increasing RMPR, which was seen in the overwhelming majority of patients, whereas focal uptake, consistent with overt metastatic disease, was not seen in any. Hindorf et al. (27) speculated that that the slow apparent accumulation of antibodies may reflect binding to Fc receptor-expressing cells in the bone marrow.
The curves shown in Figure 3 for RMPR(t) indicate substantial intra-and intergroup variability. Although the use of a standard time-independent value of 0.19 for RMPR appears to be a reasonable compromise for the cG250 group, it is less so for the huA33 group (for which a smaller value would be more appropriate). However, at the level of individual patients, larger discrepancies between image-based and blood-or plasma-based dosimetry methods are seen. The existence of such discrepancies would be expected to impair attempts to derive meaningful dose-response relationships between hematologic toxicity and plasma-based dose estimates. It is also important to bear in mind that the comparisons discussed here apply only to the self-dose component of the overall red marrow dose and would be of most significance for radionuclides such as 177 Lu or 90 Y with little or no long-range photon emission. In contrast, for 131 I, which has a substantial cross-dose due to photon irradiation from activity elsewhere in the body, the effect would be diluted. Another factor that would have an impact is radionuclide half-life and kinetics in general. If most of the radiation dose to the red marrow were delivered within a short time of antibody administration, the conventional blood-or plasmabased dosimetry would be more likely to overestimate red marrow dose, compared with a situation in which the irradiation was protracted. In principle, this may be more severe for molecular vectors smaller than intact IgG with faster kinetics, such as Fab or F(ab9) 2 fragments. However, there are no analogous data on these smaller molecules, and if the slow accumulation of IgG reflects Fc binding, it may not occur for these types of antibody fragments.
The data presented in this paper indicate that plasma-based dosimetry can produce discrepancies of as much as 274% to 62% in individual patients for red marrow self-dose due to 124 I-labeled antibodies, in comparison with PET image-based dosimetry. Projected differences for other radionuclides between plasma-and appropriate image-based dose estimates would depend on additional factors, including physical halflife and photon yield, but are likely to be of the same order. The implication is that individualized imaged-based dosimetry would be optimal for therapeutic delivery of radiolabeled antibodies, both in terms of maximizing radiation dose to target tissues and in terms of remaining within the tolerance of red marrow. Of course, PET may not always be appropriate, either because of the lack of applicable positron-emitting radionuclides or for other reasons, including cost. However, continual improvements in quantitative SPECT may enable a SPECT image-based approach to be adopted. In this study, we examined the use of a hybrid dosimetry scheme combining both image-and plasma-based data and found it to be a closer approximation to an exclusively image-based approach. A clinically practicable scheme could include an initial image-based assessment of RMPR(0) together with a standardized value of effective marrow accumulation rate coupled with regular blood or plasma measurements. This would require initial pilot studies to more fully characterize the kinetics of antibody accumulation in bone marrow.
The work presented here is limited by several factors, most significantly the small number of patients and imaging time-points. Further work is required to corroborate the results and fully characterize the mechanisms involved. At a more immediate level, it was assumed for dosimetric purposes that the image-derived activity concentration within the marrow spaces was uniform and equal to the red marrow activity concentration. However, some of this space may be composed of adipose tissue (i.e., yellow marrow) with reduced activity concentration. It has been proposed that marrow cellularity may be defined as approximately equal to 1 2 (fat fraction), that is, the fraction of the marrow space that is not taken up by fat cells (31, 32) . Shah et al. (33) developed an image-based transport model for skeletal dosimetry (and lumbar vertebrae in particular) in which they determined that, for the electron energies of interest in this study, assuming that the marrow cellularity is 100% yields results that have an approximately 13%-20% error compared with those obtained by including a realistic adipocyte fraction. However, the adipocyte fraction is dependent on the age and health of the patient and is highly variable even among healthy patients. If values of adipocyte fraction were available for individual patients, red marrow activity concentrations could be scaled upward accordingly. Irrespective of this issue, the general trends and implications discussed in this paper would not be significantly affected.
CONCLUSION
Red marrow self-dose was estimated by ROI analysis of 124 I-labeled antibody PET images and compared with estimates based on plasma activity concentration measurements. Values of RMPR were dependent on patient-specific factors and were observed to increase over the 7-d timescale of the study for both 124 I-cG250 and 124 I-huA33. The data suggest that individualized imaged-based dosimetry is required for optimal therapeutic delivery of radiolabeled antibodies.
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